Abstract Nitrate reductase from Desulfovibrio desulfuricans ATCC 27774 (DdNapA) is a monomeric protein of 80 kDa harboring a bis(molybdopterin guanine dinucleotide) active site and a [4Fe-4S] cluster. Previous electron paramagnetic resonance (EPR) studies in both catalytic and inhibiting conditions showed that the molybdenum center has high coordination flexibility when reacted with reducing agents, substrates or inhibitors. As-prepared DdNapA samples, as well as those reacted with substrates and inhibitors, were crystallized and the corresponding structures were solved at resolutions ranging from 1.99 to 2.45 Å . The good quality of the diffraction data allowed us to perform a detailed structural study of the active site and, on that basis, the sixth molybdenum ligand, originally proposed to be an OH/OH 2 ligand, was assigned as a sulfur atom after refinement and analysis of the B factors of all the structures. This unexpected result was confirmed by a single-wavelength anomalous diffraction experiment below the iron edge (k = 1.77 Å ) of the as-purified enzyme. Furthermore, for six of the seven datasets, the S-S distance between the sulfur ligand and the Sc atom of the molybdenum ligand Cys A140 was substantially shorter than the van der Waals contact distance and varies between 2.2 and 2.85 Å , indicating a partial disulfide bond. Preliminary EPR studies under catalytic conditions showed an EPR signal designated as a turnover signal (g values 1.999, 1.990, 1.982) showing hyperfine structure originating from a nucleus of unknown nature. Spectropotentiometric studies show that reduced methyl viologen, the electron donor used in the catalytic reaction, does not interact directly with the redox cofactors. The turnover signal can be obtained only in the presence of the reaction substrates. With use of the optimized conditions determined by spectropotentiometric titration, the turnover signal was developed with 15 N-labeled nitrate and in D 2 O-exchanged DdNapA samples. These studies indicate that this signal is not associated with a Mo(V)-nitrate adduct and that the hyperfine structure originates from two equivalent solvent-exchangeable protons. The new coordination sphere of molybdenum proposed on the basis of our studies led us to revise the currently accepted reaction mechanism for periplasmic nitrate reductases. Proposals for a new mechanism are discussed taking into account a molybdenum and ligandbased redox chemistry, rather than the currently accepted redox chemistry based solely on the molybdenum atom.
Introduction
Nitrate reductases (NRs) are key enzymes present in the biological cycle of nitrogen [1] . These enzymes catalyze the conversion of nitrate to nitrite according to the reaction
In prokaryotic organisms, this reaction is catalyzed for different purposes by distinct proteins belonging to the dimethyl sulfoxide (DMSO) reductase family of mononuclear molybdenum enzymes that are localized at different compartments of the cell (cytoplasm, membrane or periplasm). The cytoplasmic NRs (assimilatory NRs) are involved in nitrogen assimilation, whereas the membranebound NRs (respiratory NRs, Nar) are required for respiration. Periplasmic NRs (Nap) do not have a well-established function. Different roles such as minimization of the reducing power under certain conditions of growth, denitrification, and scavenging of nitrate have been proposed [2, 3] . The crystal structure of Nap from Desulfovibrio desulfuricans ATCC 27774 (DdNapA) was the first reported for a NR [4] . This enzyme is a monomeric protein of 80 kDa harboring a bis(molybdopterin guanine dinucleotide) (bis-MGD) active site and a [4Fe-4S] cluster. The molybdenum atom is located at the bottom of an approximately 15 Å deep crevice and is 12 Å away from the [4Fe-4S] cluster, which is located near the surface of the protein molecule. The molybdenum ion is coordinated by two dithiolene ligands from the two MGD molecules, a Sc atom from a Cys, and a sixth ligand, which was originally proposed to be a hydroxyl/water molecule [4] . This type of coordination was also proposed in the heterodimeric Nap from Rhodobacter sphaeroides (RsNapAB) [5] , and the Nap from Escherichia coli(EcNapA) [6] .
The sixth ligand of molybdenum in the original structure was assigned as a hydroxyl/water molecule (Mo-O distance approximately 2.1 Å ) [4] . However, the crystallographic data reported in the present work provide strong evidence that a heavier element, such as a nonprotein sulfur ligand, is present at the sixth coordination position. We have previously described a similar coordination sphere for the related formate dehydrogenase (Fdh) from D. gigas and E. coli (EcFdh-H) [7, 8] , in which the main difference is that the Cys sulfur is replaced by a selenium atom from a selenocysteine residue.
In parallel with the X-ray crystallographic studies, electronic paramagnetic resonance (EPR) has been extensively used in the characterization of the molybdenum active site of DdNapA. EPR studies show different types of signals under different experimental conditions [9] . Reduction with dithionite of as-prepared enzyme yields a rhombic EPR signal called ''low-potential signal'' (g values 2.016, 1.987, 1.964), which is replaced by the nitrate signal (g values 2.000, 1.990, 1.981) upon nitrate addition. The nitrate signal also shows a nearly isotropic hyperfine structure of non-solvent-exchangeable nuclear species with I = 1/2 (A av = 4.7 G), which is supposed to originate from the hydrogen atoms of the b-methylene carbon of the coordinated Cys. In contrast, the addition of cyanide to dithionite-reduced NapA, or vice versa, yields a nearly axial EPR Mo(V) signal (g values 2.024, 2.001, 1.995). Similar situations have been reported for the heterodimeric Nap from Paracoccus pantotrophus [10] and R. sphaeroides [5] . This variability of the electronic properties of the molybdenum active site must be necessarily reflected in its structural properties, which suggests that the active site of these enzymes presents a high flexibility of coordination. Although tentative structures of the EPR-active species in Nap have been proposed [9, 10] , a clear correlation between structure and EPR properties has not been clearly established yet and requires further investigation.
The reaction mechanism proposed originally for the reduction of nitrate to nitrite was based on the information extracted from the X-ray structure of DdNapA crystallized in aerobic conditions [4] , which was assumed to have the active site in the Mo(VI) form. In that proposal, the hexacoordinated Mo(VI) ion is reduced to Mo(IV) by an external electron donor in a two-electron-transfer reaction mediated by the [4Fe-4S] center. The nitrate molecule would bind to Mo(IV) ion in the vacant position left by the hydroxyl/water ligand and then two electrons would be transferred from the Mo(IV) to the nitrate molecule with the concomitant release of nitrite and regeneration of the Mo(VI) form of the enzyme. This mechanism, although in line with the accepted general mechanism of molybdenum enzymes [11] , is in contrast with electrochemical studies in RsNapAB, EcNapA, and NarB from Synechococcus elongatus (SeNarB) [6, 12, 13] . These studies indicate that the binding of the nitrate molecule to the molybdenum atom occurs not only in the Mo(IV) form, but also in the Mo(V) form, thus supporting a reaction scheme which can also occur through two sequential steps of one electron in parallel to the single two-electron step as discussed above. More recently, EPR studies on DdNapA in catalytic conditions detected a novel EPR signal called ''turnover'' (g values 1.999, 1.990, 1.982) which had not been detected for any Nap before [9] . Although these studies were not conclusive regarding the nature of the turnover species, they suggested that the ready state of the enzyme to initiate the reaction might also be the Mo(V) redox state, which is in line with the electrochemical studies performed on RsNapAB, EcNapA, and SeNarB [6, 12, 13] .
In this work, we address several of the issues raised above by using X-ray data combined with EPR measurements of DdNapA, under different experimental conditions. The combination of EPR and X-ray studies has allowed us to understand more about the inhibition mechanism of these enzymes. EPR studies, under turnover conditions, have helped to ascertain the nature of the turnover species. Several X-ray data now available and obtained from as-prepared, EPR-active and inhibited forms of the enzyme, and the high quality of the diffraction data, prompted a detailed analysis that has helped to clarify the true nature of the sixth molybdenum ligand as a sulfur atom, forming a partial disulfide bond with the Sc atom of the coordinating Cys. The implications of these results on the reaction mechanism are discussed.
Materials and methods

Cell cultures and protein purification
The D. desulfuricans ATCC 27774 cells were grown as described previously, and Nap was purified as reported by González et al. [9] and Liu and Peck [14] .
Determination of protein concentration
The total protein concentration was determined using both the extinction coefficient (e 400 nm = 24 mM -1 cm -1 ) and the bicinchoninic acid kit from Sigma TM .
Samples for EPR spectroscopy
Inhibitor solutions of azide, cyanide, and perchlorate (final concentration 20 mM) were added to DdNapA samples (200 lM) and incubated for 10 min. These samples were reduced with dithionite for 10 min under anaerobic conditions and frozen for spectral acquisition. Samples were then thawed and air-reoxidized for 10 min and frozen again for spectrum acquisition. A similar procedure was followed to produce the samples showing the nitrate EPR signal but nitrate (final concentration 100 mM) was added after dithionite reduction and incubation was under anaerobic conditions for 40 min.
EPR spectroscopy X-band spectra were recorded using a Bruker EMX spectrometer equipped with a dual-mode cavity (model ER4116DM) and an Oxford Instruments continuous-flow cryostat. All samples were prepared in 100 mM Ntris(hydroxymethyl)methylglycine (Tricine) pH 8.0 with a protein concentration of 200 lM. All spectra were obtained in nonsaturating conditions at 100 K. The experimental conditions were microwave frequency 9.65 GHz, microwave power 2 mW, modulation amplitude 5 G, and modulation field frequency 100 KHz. Spin quantification of the Mo(V) signals was estimated by double integration and comparison with a 1 mM Cu-EDTA standard. Simulations were performed using the program WIN-EPR Simfonia V1.2 from Bruker Instruments. Simulation parameters are given in the caption to Fig. 5 .
Spectropotentiometric titration
Redox titrations were carried out in an anaerobic chamber at room temperature (298 K) working at a dioxygen concentration below 1 ppm. A platinum-silver/silver chloride combined electrode (Crison) was used to determine the electrochemical potential. The samples were incubated in the absence of mediator dyes. The electrochemical potential was dropped using a zinc-reduced methyl viologen (MV) solution (25 mM) dissolved in 100 mM Tricine pH 8.0. Since the solution of reduced MV is more reactive towards dioxygen than sodium dithionite solutions, all buffers, including the enzyme solution, were dioxygen-degassed with argon and introduced into the anaerobic chamber overnight to ensure that all solutions were dioxygen-free. DdNapA samples (200 lL) were taken for EPR spectroscopy in the potential range from +100 mV, the redox potential of the as-prepared solution, to -400 mV (vs. the normal hydrogen elecrode), the lowest potential reached in these experimental conditions. Samples for EPR spectroscopy were taken after equilibration at each potential and frozen in liquid dinitrogen. EPR spectra were recorded as described earlier.
Crystallization, data collection, and processing Further attempts to obtain DdNapA in the reduced state were performed in an anaerobic chamber under reducing conditions. The protein was purified under aerobic conditions, introduced into the anaerobic chamber, and preincubated with 10 mM concentration of one of the reducing agents (MV dye or dithionite). Crystals of these reduced samples were grown at approximately 295 K, with 6% PEG 8K and 100 mM MES, pH 6.0. Single crystals were obtained, which were very similar to the ones obtained aerobically [15] . Initial attempts to flash-cool the crystals in liquid dinitrogen (inside the chamber, in order to maintain the reducing conditions) were, however, unsuccessful. The crystals were destabilized and diffracted to less than 3-Å resolution at the ESRF (Grenoble, France) and the diffraction data were very anisotropic, making it impossible to obtain a complete, usable dataset. We then attempted to transport the crystals under anaerobic conditions. This was performed by mounting the crystal on a nylon loop which was then covered with a quartz capillary, held by Plasticine to the base of the Hampton pin. However, these trials also yielded no diffraction. Owing to these difficulties, and to the lack of stability of the crystals in the reduced form, no further attempts were made to obtain the structure of the reduced state of the protein.
Diffraction data were collected at beamlines ID14-EH1, ID14-EH3, ID14-EH4, and ID23-EH1 at the ESRF (Grenoble, France) using either a Quantum 4 or a 315R CCD detector (ADSC). About 100°-180°of data were collected with a / rotation, D/ = 1.0°, to give complete datasets for the data collected on the ID14 beamlines and 720 images for the single-wavelength anomalous diffraction data on ID23 (collected below, i.e., at a lower energy than, the iron edge with k = 1.77 Å ,) to give a highly redundant dataset (multiplicity 34.5). All data were processed using the programs MOSFLM and SCALA from the CCP4 suite [16] [17] [18] . The crystals belong to the trigonal space group P3 1 21 with cell constants 105-106 Å 9 105-106 Å 9 130-135 Å , with a single molecule in the asymmetric unit. Although several datasets were obtained for each sample, only the best in terms of resolution and quality were used for further study ( Table 1 ). The dataset labeled NITRATE is from a DdNapA sample which was first reduced with dithionite, then reacted with nitrate, and finally air-reoxidized. This sample had been dialyzed and concentrated before crystallization. Dataset NITRATE SOAK is from NITRATE crystals soaked with 10 mM NaNO 3 . Dataset PERCHLO-RATE is from crystals cocrystallized with perchlorate (dataset ''old'' with a sample left at room temperature for over 6 months as opposed to ''fresh'' for a sample cocrystallized straight after thawing from 193 K). CYANIDE and AZIDE are data from the respective cocrystallizations and SAD is native data collected at a wavelength of 1.77 Å . All cocrystallized samples were prepared as the NITRATE sample and were in an air-oxidized state. Data collection and processing statistics for all datasets are given in Table 1 .
Model building and refinement
The native structure of DdNapA (Protein Data Bank accession code 2NAP) was used to fit into each dataset after rigid-body refinement in REFMAC5 [19] , treating each domain (domain I, amino acid residues 4-61, 464-492, and 517-561; domain II, amino acid residues 62-135, 347-463, and 493-516; domain III, amino acid residues 134-346; and domain IV, amino acid residues 562-723) as a rigid body. The bis-MGD cofactor, the [4Fe-4S] cluster, and the water molecules were excluded from the initial 
Unit-cell parameters 
2JIO
Values in parentheses are for the highest-resolution shell except for R merge and R p.i.m. where they are for the lowest/highest resolution shell. Anomalous statistics for the SAD data: completeness 99.6 (98.9), multiplicity 17.9 (17.9), DelAtom correlation between half sets 0.277 and 0.150, and mid-slope of anomalous normal probability 1.159. NITRATE is the periplasmic nitrate reductase from Desulfovibrio desulfuricans ATCC 27774 (DdNapA) sample first reduced with dithionite, then reacted with nitrate, and then air-reoxidized. NITRATE SOAK is NITRATE crystals soaked with 10 mM NaNO 3 . PERCHLORATE is from crystals cocrystallized with perchlorate (''old'' with sample left at room temperature for 6 months as opposed to ''fresh'' for the sample cocrystallized straight after thawing from 193 K). CYANIDE and AZIDE data are from the respective cocrystallizations and SAD is native data collected at a wavelength of 1.77 Å
where I(h,j) is the intensity of the jth measurement of reflection h and hI(h)i is the mean value of I(h,j)
and is a measure of the quality of the data after averaging the multiple measurements model. Iterative model building with O [20] , and/or COOT [21] , together with restrained refinement in REFMAC5 [19] , initially, and then with restrained refinement including TLS (with each of the four domains treated as separate TLS entities) resulted in good final models (as judged by the validation tools in COOT [21] ). These final models include amino acid residues 4-723 (with all the side chains), the catalytic molybdenum coordinated to two MGD cofactors, the [4Fe-4S] cluster, water molecules, and ligands in some cases. None of the above mentioned structures are thought to have the MES molecule in the solvent channel as reported in the original native structure (2NAP). There is no anomalous sulfur signal for it in the SAD structure. The first three residues of the N-terminus (Ala, Asp, and Asn) are disordered and were not included in the final models. Refinement statistics are presented in Table 2 . The determination of the potential sixth coordinating ligand to the molybdenum atom was carried out towards the end of refinement. Initially, the sixth ligand was omitted from all the datasets. A clear positive peak was obtained in all the mFo-DFc difference maps. Either a water molecule or a heavier atom such as sulfur atom was modeled in this density and then refined independently. For the CYANIDE data, a cyanide molecule, with either the nitrogen or the carbon atom binding the molybdenum atom, was also fitted into the density and refined. For all datasets, no restraints were imposed on this sixth ligand. The B-factor analysis is shown in Table 3 .
Coordinates and observed structure factor amplitudes have been deposited in the Protein Data Bank under the accession codes 2JIP, 2JIQ, 2V45, 2V3V, 2JIR, 2JIM, and 2JIO.
Results and discussion
X-ray crystallography studies
Comparison of the crystal structures
The comparison of the several DdNapA structures analyzed was carried out using ESCET [22, 23] , a program that performs an all-pairwise error-scaled difference distance matrices calculation and then analyses them simultaneously using a genetic algorithm. The results are presented in Table 4 . The estimated standard deviations range from 0.15 to 0.32 Å and the low root mean square deviation difference (0.13-0.21 Å ) between the structures superposed on 2NAP (based on 646 out of 720 Ca atoms) indicates that all the structures are highly similar with percentages greater than 98% for all but six pairs at 1r low threshold. About 90% of the DdNapA structure is in a conformationally invariant part. The 74 residues which show the highest variations are all on the protein surface and include loops and turns. Some of these have been assigned with alternative conformations.
Analysis of the structures around the molybdenum active site and the sixth molybdenum ligand
In the native oxidized DdNapA structure (2NAP) reported in 1999 [4] , the Mo(VI) is coordinated by six ligands. Four of them are provided by the two dithiolene sulfur atoms from MGD 811 and MGD 812 and a fifth ligand is the Sc atom of Cys A140 . The sixth ligand of molybdenum was then assigned to an OH/OH 2 on the basis of the refined bond 2NYA refers to the data for the periplasmic nitrate reductase from Escherichia coli dimer from Jepson et al. [6] . The first value is for chain A and second for chain F in 2NYA a R work ¼ R F calc j jÀ F obs j j j j =R F obs j jÂ100; where F calc and F obs are the calculated and observed structure factor amplitudes, respectively b R free is calculated for a randomly chosen 5% of the reflections for each dataset distance for Mo-O (approximately 2.1 Å ), although residual electron density close to the OH ligand was then not interpreted [4] .
The thorough analysis and high quality of the diffraction data reported in this study allowed the interpretation of the extra electron density at the molybdenum coordination sphere, which strongly suggested a heavier atom, possibly a sulfur atom. To test this hypothesis, a highly redundant dataset (multiplicity 35 for all the data, 17.9 for anomalous data) was collected at the ESRF below the iron edge (k = 1.77 Å ) to 2.2-Å resolution (dataset SAD in Table 1 ). These data allowed location of the sulfur, phosphorus, and molybdenum single-wavelength anomalous diffraction signals. The majority of the sulfurs have clearly defined anomalous signals, including the ones binding the [4Fe-4S] cluster. All the cysteinyl sulfurs, 13 out of 19 methionyl sulfurs, the four from the [4Fe-4S] cluster, and the four phosphorous atoms (two from each MGD cofactor) have an anomalous signal greater than 4r. However, the molybdenum atom (with an anomalous peak of approximately 30r) seems to have a damping effect on the anomalous signals of the sulfur atoms immediately coordinated to it. This effect is probably a combination of the large difference in f 00 for the two elements (molybdenum and sulfur) at this wavelength (1.77 Å , approximately 7 keV, f 00 Mo = 3.48; f 00 S = 0.72) with the nominal data resolution of 2.2 Å . Nevertheless, the shape of the anomalous electron density MGD molybdopterin guanosine dinucleotide a The peak height obtained in the omit mFo-DFc difference electron density maps when the sixth ligand is excluded Percentages smaller than 1r for all pairwise comparisons are given in the part above the shaded diagonal and those smaller than 0.75r are given in the part below the shaded diagonal. PERCHLORATE (old) was excluded from this analysis as it is the most similar to all the other models, i.e., with percentages greater than 98% in the first analysis. The values for the structures which have the largest differences between themselves are boxed 2NAP native structure of DdNapA * LSQ fit superpositioning of each structure on 2NAP based on 646 out of 720 Ca atoms [17] ‹esd› estimated standard deviation from mean atomic position J Biol Inorg Chem (2008) 13:737-753 743 strongly suggests that the molybdenum sixth coordination position is occupied by a second-row atom (chlorine, sulfur, or phosphorous) and not by a lighter atom like oxygen (OH/ OH 2 ) as formerly proposed (Fig. 1a) . The K-edge for chlorine, sulfur, and phosphorous is 4.40, 5.01, and 5.75 Å , respectively, so all of these should give a discernible anomalous signal at a wavelength of 1.77 Å .
Further assignment of the sixth ligand was done on the basis of the refinement and analysis of the B factors since, generally, atoms bonded together have very similar B factors and occupancies. From the refinement and analysis of the B factors of all the structures (Table 3) together with EPR data, the sixth ligand could thus be assigned as a sulfur atom, as explained below.
All the datasets gave a peak greater than 10r in mFoDFc difference electron density maps when the sixth ligand was omitted (Fig. 1, Table 3 ). For the NITRATE, PER-CHLORATE (fresh), and SAD data, when the sixth molybdenum ligand was refined as an oxygen atom (water), a positive peak (greater than 3r) was present in mFo-DFc maps (Figs. 2, 3 ). In addition, the B factors for an oxygen ligand were consistently much smaller than those from surrounding atoms as detailed in Table 3 for all data sets (12-60% of that from molybdenum). For six of the seven datasets, the B factors are invariably more in agreement with there being a sulfur atom at the sixth coordination position than an oxygen atom. When the sixth ligand was refined as a sulfur atom, the corresponding temperature factors were of similar magnitude to those of the surrounding atoms and the extra electron density disappeared in the final mFo-DFc maps (Figs. 2, 3) . For the SAD and PERCHLORATE data, the sixth ligand was also refined as either chlorine or phosphorous. As expected, chlorine gives slightly higher B factors and phosphorous slightly lower ones (for SAD data the B factors were 27.1 Å 2 for Cl and 22. Fig. 2 Gallery of the molybdenum active sites for four of the structures analyzed. a SAD, b NITRATE, c PERCHLORATE, and d CYANIDE, The2mFo-DFc electron density maps contoured at 1r (blue) and the mFo-DFc electron density maps contoured at 3r (red) calculated in the absence of a sixth ligand (left) and calculated in the presence of the sulfur atom in the final refinement (right) g n * 0.5 for 35, 37 Cl and I = 1/2, g n = 2.26 for 31 P) and hence superhyperfine structure from these nuclei might be observed in the EPR spectra associated with Mo(V) species. Hyperfine couplings associated with chloride nuclei in equatorial positions have been reported in model complexes of Mo(V) ions in nearly octahedral or squarepyramidal coordination [24] and in the molybdenum enzyme sulfite oxidase [25] . Larger couplings should be expected for the phosphorous atom because of the higher nuclear g factor (g n = 2.26). Therefore, the lack of detection of superhyperfine structure attributable to any of these nuclei suggests that the sixth position is occupied by a sulfur atom. In line with this observation, electron-nuclear double resonance studies in the closely related Nap from P. pantotrophus do not reveal any hyperfine coupling with either chlorine or phosphorous nuclei, which gives additional support to our assumption [10] .
The crystallographic data from EcNapA (Protein Data Bank accession code 2NYA) [6] as shown in Table 3 also favor a sulfur atom for the sixth ligand. Additional evidence comes from the related Cupriavidus necator H16 NapAB structure refined to 1.5 Å (unpublished data, [26] ), which showed identical results; that is, the large difference in the relative B factors between the molybdenum and the hydroxyl ligand was corrected when the refinement was carried out with a sulfur ligand at the sixth coordination position.
Another unexpected result was that, for all the datasets, the distances between the sulfur ligand and the Sc atom of Cys A140 are substantially shorter than the van der Waals contact distance (approximately 3.3 Å ), varying from 2.17 Å for the NITRATE dataset to 2.85 Å for the AZIDE dataset ( Table 5 ). The angle S-Mo-Sc, which ranges from 55°to 74°, indicates a clear distortion from the molybdenum octahedral coordination geometry, compared with the range of angles of 74°-83°for the S12-Mo-S13 angle for both of the MGD cofactors. These facts are indicative of a partial bond between the thiolate of Cys A140 and the sulfido ligand. The shape of the anomalous density in the SAD data also adds support to this observation (Fig. 1) . This is the first experimental evidence of a partial S-S bond for a mononuclear molybdenum enzyme. An analogous conclusion was derived from extended X-ray absorption fine structure (EXAFS) studies performed on Fig. 3 Details of the molybdenum active site [PERCHLORATE (fresh) 2mFo-DFc] as in Fig. 2c , but in a different orientation, highlighting the shorter distance between the sulfur (S 813 , yellow) and the Sc of Cys A140 (2.40 Å ) compared with the distance between the dithiolene sulfur atoms (3.04 Å ). Met A308 is visible on the left of the active site, with a distance of 3.90 Å from the Sc atom of Cys A140 the closely related EcFdh-H [27] and Fdh from D. desulfuricans ATCC 27774 [28] , but assuming a partial Se-S bond in the molybdenum site. Both enzymes show hexacoordinated molybdenum sites comparable to those of Nap, but with a selenium atom from a selenocysteine instead of a Cys Sc. At that time, the sixth position was modeled as an oxygen atom on the basis of EXAFS studies. Therefore, an unexpected Se-S bond was proposed, involving a triangular arrangement of molybdenum, selenium, and a sulfur atom from one of the pterin moieties [27, 28] . A recent reanalysis of the structural data of EcFdh-H confirmed the presence of a sulfur atom in the sixth ligand position [8] . In this case the result could be better explained with a partial Se-S bond involving the sulfido ligand similar to the result reported here.
Guiding the nitrate to the active site
To test the localization of the nitrate ions along the funnellike channel leading to the molybdenum active site, single crystals of DdNapA were soaked with a nitrate ion solution (see ''Materials and methods'' for details). The corresponding crystal structure (NITRATE SOAK) was solved to 2.44-Å resolution. Though no differences are observed at the molybdenum site with respect to the as-prepared sample, it was possible to model six nitrate ions on the basis of electron density to be bound at the entrance of the funnel leading to the molybdenum atom (Fig. 4) . The amino acid residues involved in guiding the nitrate substrate to the catalytic site at the end of the funnel include Arg A138 , Arg A354 , Ser A360 , His A396 , Tyr A533 , and Arg A709 , showing that the interactions between nitrate and the residues of the funnel are due to electrostatic forces and hydrogen-bonding interactions. The funnel narrows to a gap of about 3 Å 9 5 Å as it gets closer to the active site, with residues Met A141 , Pro A137 , and Ala A349 providing the wall. Thus, the planar nitrate ion would only be able to reach the catalytic site sideways, as shown by the dotted modeled nitrate ions in Fig. 4 .
Structures of inhibited forms
Previous studies showed that cyanide, azide, and perchlorate are inhibitors of DdNapA [9, 29, 30] . Furthermore, cyanide-reacted samples (see ''Materials and methods'' for details) show a nearly axial EPR signal (less than 0.1 spin per molecule) (Fig. 5, spectrum d) , suggesting a different structure for the molybdenum site with respect to the hexacoordinated molybdenum site of the as-prepared form. This does not happen for the azide-and perchlorate-inhibited samples, in which no EPR signals could be detected.
To get some insight into the inhibition mechanisms and to establish the reasons for the different EPR behavior of the different inhibited forms, X-ray studies were carried out with crystals prepared from the EPR samples as explained in ''Materials and methods.'' The PERCHLORATE data extend to 1.91-Å resolution but the structure was refined to 1.99 Å . These are the best data collected to date for a DdNapA inhibited sample in terms of resolution and quality. A large positive mFo-DFc peak [14r for PER-CHLORATE (fresh) and 17r for PERCHLORATE (old)] is present in the funnel cavity blocking the pathway from the surface to the molybdenum active site (Fig. 6) . A perchlorate ion could be modeled reasonably well in this isotropic electron density. It is trapped between Pro A137 , Arg A138 , Met A141 , Ala A142 , Val A145 , Arg A354 , and Leu A359 . All these residues are highly conserved in NRs, with the exception of Leu A359 and Pro A137 , which are, in some cases, replaced by Phe and Ala, respectively. Perchlorate ions cannot enter deeper into this cavity because they are too bulky. The inhibition mechanism would thus take place by blocking the entry of the substrate to the catalytic site, some 10 Å away from the molybdenum atom. In contrast, a planar nitrate ion would be able to get through the cavity between Pro A137 , Met A141 , and Ala A349 (also conserved) all the way to the catalytic site (Fig. 4) . Three more perchlorate ions can be modeled with partial occupancy in the funnel. They have omit-map peak heights of 7.9r, 7.8r, and 7.8r in the PERCHLORATE (fresh) structure.
The structures from cyanide-and azide-inhibited DdNapA samples were solved to 2.35-and 2.45-Å resolution, respectively. For the CYANIDE data the refinement of the sixth ligand as a sulfur atom was not as clear as for the other datasets, which may be due to the inhibitory effect of cyanide. In this case it was possible to model either a cyanide ion (with either the nitrogen or the carbon atoms coordinating the molybdenum atom) or a sulfur atom with 75% occupancy giving rise to a better B factor correlation. EPR data taken with labeled cyanide (KC 15 N, I N = 1/2; K 13 CN, I C = 1/2) do not show hyperfine splitting associated with either nitrogen or carbon, which suggests that a cyanide molecule is not coordinated to molybdenum, at least in the EPR-active species [9] . In this context, the results of the refinement for the CYANIDE dataset could be due to a mixture of different forms probably related to the reactivity of the sulfur ligand, suggesting that inhibition by cyanide occurs by cyanolysis of the sulfur ligand in the sixth position in analogy to the cyanolysable sulfido group in xanthine oxidase [31] . This result is, however, in contrast with steady-state kinetic studies in Nap from other sources, which show that the cyanide behaves as a reversible inhibitor, and with EPR data of Nap samples reacted with cyanide, which showed that the nearly axial Mo(V) signal shown in Fig. 5 , spectrum d disappears after dialysis against cyanide-free buffer [9, 10] . These results are contradictory and need additional experimental work.
The AZIDE dataset also supports the presence of the sulfur atom at the sixth position, but no azide ions were found in these crystals. This is in line with the EPR data, which showed no significant changes with respect to the EPR spectra of the as-prepared proteins in reducing conditions. Further work is necessary to understand the structural basis of the inhibition by azide.
Optimizing the conditions to obtain the turnover signal: a MV-mediated redox titration
As reported by Gonzalez et al. [9] , the addition to DdNapA of reduced MV, the electron donor used in the kinetic assay, followed by nitrate addition yields a rhombic EPR spectrum, which was called ''turnover signal'' (Fig. 5 , The upper modeled nitrate occupies the same space as the perchlorate. The lower modeled nitrate is fitted in the active-site cavity and is shown partially bonded to the S 813 atom spectrum a). To establish the conditions in which the turnover species is produced, a spectropotentiometric redox titration using zinc-reduced MV was performed. The use of zinc instead of dithionite to reduce MV avoids possible interferences of the EPR-active dithionite-reduced Mo(V) species, which were shown to be associated with inactive forms of the enzyme [9] . Although the redox potential range of this experiment (+100, -400 mV) covers most of that reached with dithionite, no EPR signals attributable to either the [4Fe-4S] + cluster (E = -390 mV) or Mo(V) species were detected. Mo(V) species called ''low potential'' are detected with dithionite at approximately -400 mV. This indicates that reduced MV does not interact directly with the redox cofactors of DdNapA and that electron exchange can only occur in the presence of the substrate. To test this hypothesis, nitrate (100 mM) was added to a MV-reduced enzyme sample at -400 mV. This procedure, which raises the solution potential to -150 mV, yields the already reported turnover signal (Fig. 5 , spectrum a) (approximately 0.5 spin per molecule, the mean value obtained from several experiments) and concomitantly converts all the MV to its oxidized form, as evidenced by the disappearance of the typical blue color of the reduced solution. Given the experimental impossibility of varying the redox potential in a controlled way, the redox potential of the turnover species could not be determined. However, considering both spin quantification and that the turnover signal disappears after exposing the sample to air, it can be assumed that this signal is associated with Mo(V) ion species in equilibrium with Mo(VI) and Mo(IV) ions.
Some clues on the molecular structure of the turnover species Previous studies reported for DdNapA under turnover conditions showed that the turnover signal presents hyperfine structure with a nucleus whose nature could not be confirmed. Simulation of this signal obtained from asprepared samples of DdNapA suggested a nuclear species with spin I = 1. However, it could not be confirmed by an experiment conducted with 15 N-labeled nitrate because of a strong signal from the dye overlapping that of the Mo(V) ion [9] . With use of the optimized conditions of the spectropotentiometric titration, the turnover signal was developed with 15 Fig. 6 Closeup of the area of the funnel leading to the active site of the perchlorate-bound DdNapA. The mFo-DFc electron density map for PERCHLORATE (old) is represented in green, at 3r, and was calculated omitting the sulfur atom (yellow sphere) and the perchlorate. Two of the other three perchlorate ions (in gray) with partial occupancy are also depicted from the PERCHLORATE (fresh) data. The two helices (residues 136-152, in blue, from domain III and residues 348-353, in orange, from domain II) provide the amino acid residues, which restrict the entry of the perchlorate ion into the active site. The molybdenum atom is depicted as a pink sphere and the water molecules are depicted as red spheres experiment, which shows that the hyperfine structure of the turnover signal is associated with two equivalent solventexchangeable protons (Fig. 5, spectrum b) . All EPR parameters obtained from spectral simulation are given in the caption to Fig. 5 . Reduction of the enzyme with dithionite followed by nitrate addition yields the redox stable nitrate signal which quantifies around 0.4 spin per molecule, and shows hyperfine structure with nonsolvent nuclear species with I = 1/2, which were assigned to the hydrogen atoms of the b-methylene carbon of Cys A140 (Fig. 5, spectrum c) .
The EPR signals of the turnover and nitrate species have almost identical g values, suggesting similar ground states for Mo(V) in both species. The magnitude of the superhyperfine coupling (A iso = 5.9 G) associated with the two solvent-exchangeable protons in the turnover species (Fig. 5, spectrum a) is comparable to those of the bmethylene protons from the Cys (A iso = 4.7 G) detected in the nitrate species (Fig. 5 , spectrum c), suggesting that these protons are associated with a nucleus not beyond three bonds away from the molybdenum ion.
Considering the structure of the oxidized form of the protein, these interacting nuclei could be bound either to the sulfido group, as a water molecule placed in the second coordination sphere of molybdenum, or as a water molecule directly coordinated to the molybdenum atom. This latter possibility might also imply the loss of the bond between the Cys and the molybdenum, since no hyperfine couplings associated with the b-methylene protons from the Cys were detected. The present data are not conclusive regarding this issue.
Mechanistic implications of a sulfido ligand and a partial S-S bond
The new coordination sphere of molybdenum proposed on the basis of our studies led us to revise some aspects of the redox chemistry of molybdenum and the currently accepted reaction mechanism for Nap, originally based on the DdNapA structure [4] , and recently investigated by quantum mechanical/molecular mechanical methods [32] .
An essential aspect, supported by the structural data of the as-prepared enzyme, is the redox interplay of molybdenum and sulfur, whereby the (partial) formation of a disulfide bond can influence the interconversion of Mo(VI) to Mo(IV). This would involve both a molybdenum and ligand-based redox chemistry instead of the currently accepted redox chemistry based solely on the molybdenum atom in the redox cycle of the enzyme.
The first evidence in favor of such an interplay was presented and discussed by Stiefel et al. [33, 34] in 1980 and was based upon the formation of a partial S-S bond in the cysteamine-derived complexes MoO 2 (S-
, which strongly departed from the expected octahedral geometry. The MoO 2 (S-N(RR 0 )) 2 complexes present a triatomic motif which supports the metal and sulfur oxidation interplay according to the resonance structures in Scheme 1. Other examples of complexes with Mo-S and S-S distances similar to our results include cis-oxosulfido Mo(VI) complexes [35] . Two recent reviews (and references therein) provide further examples and address the relevance of redox interplay and molybdenum/sulfur in enzymes in greater detail [36, 37] .
Intramolecular electron transfer from sulfur to molybdenum may hypothetically form a full S-S bond from an initially expected Mo(VI) species and, accordingly, an incomplete S-S bond reveals a partial intramolecular reduction of the molybdenum and thiolate oxidation.
The occupation of the first coordination sphere of the molybdenum atom in the DdNapA enzyme in its oxidized (as-prepared) form by six sulfur atoms would normally be described by the structure represented as A in Scheme 2. Two chemical analogues of this thiolate-sulfido complex A [tungsten analogues bis(dithiolene)W(VI)S(SR)] have been recently reported by Groysman and Holm [38] and Jiang and Holm [39] . In these model complexes the RS-S distance is greater than 3.3 Å with no S-S interaction. The absence of this interaction in the tungsten complexes can be explained by their lower redox potential and plausibly by a stronger W=S bond, compared with their molybdenum analogues. Both differences, known experimentally for a long time, have recently been explained for this type of complex on the basis of the relativistic effects that need to be considered when dealing with third-row transition metals [40] .
The X-ray crystal structure of the DdNapA enzyme clearly displays a degree of S-S interaction that reveals some reduction of the Mo(VI) center by an intramolecular redox process involving the thiolate and sulfido ligands, as depicted in Scheme 2. The corresponding formal oxidation state of molybdenum in the as-prepared form is not known and will depend on the degree of S-S bonding. In the hypothetical limit, the formation of a full (shorter) S-S bond by this intramolecular redox process would lead to structure C with formally a Mo(IV) center.
Another essential aspect of DdNapA now elucidated is that the enzyme only becomes active after reaction with reduced MV in the presence of nitrate. The fact that both substrates must be simultaneously present to exchange electrons with the enzyme indicates that the as-prepared form of DdNapA is in an inactive state, which becomes active to give the EPR-detectable turnover species (see EPR experiment in turnover conditions). This species is redox-active and in the presence of oxygen yields the asprepared form of the enzyme as seen in the experiments in turnover conditions [9] . As there are no structures for the reduced active-site enzyme and the turnover species, only speculative proposals can be made for the reaction mechanism of DdNapA. The process of enzyme activation/inactivation and three different mechanistic alternatives are summarized in Scheme 2. In this scheme, ''Y'' corresponds to the turnover species, which represents the ready state to initiate the reaction and ''X'' corresponds to the intermediate obtained immediately after nitrite release. The proposed structures for both species reflect the different alternatives for nitrate catalysis. The fact that the turnover species does not show hyperfine coupling with the nitrogen nucleus (I = 1) of the nitrate ion suggests that the interaction between the active site and nitrate occurs with a more reduced species. However, it cannot be excluded that the nitrate ion interacts with the molybdenum center of the turnover species and the electron spin density of the Mo(V) ion is not delocalized onto the nitrogen nucleus, resulting in a negligible hyperfine interaction. The nitrate reduction (first or second sphere coordination mechanisms) can occur either through a direct Mo-ONO 2 -bond (Scheme 2, alternatives i and iii) or by bonding of the nitrate ion to a sulfur ligand of molybdenum (Scheme 2, alternative ii). Alternative i (Cys off) would imply the breaking of the Mo-Cys bond with this ligand position being occupied by an oxygen ligand abstracted from nitrate, after nitrite release. This possibility, which is related to that proposed for EcFdh-H [8] , is supported by the lack of detection of hyperfine coupling with non-solvent-exchangeable methylene protons from the Cys. Alternatives ii and iii (Cys on) would imply that the Cys is coordinated to molybdenum during the redox cycle of the enzyme. Alternative ii implies the formation of a MoÁÁÁSÁÁÁONO 2 -adduct through the sulfur atom of the sixth position (second-sphere coordination), whereas alternative iii implies the direct coordination of the nitrate ion in a seventh coordinating mode. Alternative iii was suggested by EXAFS data in the closely related P. pantotrophus Nap, which shows heptacoordinated molybdenum sites in several forms of the enzyme [10] . Alternative ii, which has never been suggested for a molybdenum enzyme, would imply a ligand-based redox chemistry instead of that based only on the molybdenum atom with the formation of complexes with a hypervalent sulfur ligand. These types of complexes have been reported for several mononuclear oxodisulfido-molybdenum(VI) complexes [41] [42] [43] [44] . One cannot rule out the possibility of alternative ii with the Cys off either, as there are examples of five-coordinated dithiolene complexes with Mo=S and without a thiolate ligand [45] . Scheme 2 also shows the activation/inactivation steps under aerobic and anaerobic conditions.
Final remarks
This work provides strong evidence that the sixth ligand of DdNapA is a sulfur atom instead of the originally proposed oxygen ligand (OH/OH 2 ). In addition, the new 
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Scheme 2 Alternative reaction mechanisms involving periplasmic nitrate reductases, where Y corresponds to the turnover species, which represents the ready state to initiate the reaction, and X corresponds to the intermediate obtained immediately after nitrite release. Mechanisms i and iii are proposed mechanisms where nitrate binds directly the molybdenum ion with the Cys off and on, respectively; ii corresponds to a proposed mechanism occurring in the second coordination sphere.
Step a in the upper scheme represents the activation of the enzyme by methyl viologen (MV) and nitrate under anaerobic conditions, which are then consumed by the enzyme turnover represented by steps b.
Step c represents the air-oxidation process J Biol Inorg Chem (2008) 13:737-753 751 structural data show that this sulfur ligand forms a partial disulfide bond with the sulfur atom from the Cys coordinated to molybdenum. This coordination motif has never been reported for a member of the DMSO reductase family of mononuclear molybdenum enzymes, the family with the widest structural diversity in terms of active-site coordination [46] . This new structural evidence led us to revise the currently accepted reaction mechanism for Nap. The reported crystal structures of nitrate-soaked crystals and of inhibited forms of the enzyme reveal that the substrate is guided to the molybdenum active site by electrostatic and hydrogen-bonding interactions between nitrate and specific amino acid residues located on the wall of the channel. In addition, the channel seems to play an important role in selecting the entrance to the molybdenum site by preventing direct contact with the molybdenum atom of larger ions such as perchlorate. The structural analysis of cyanide-inhibited enzyme did not give clear results. It was possible to model a molybdenum ligand, either as a cyanide ion or as a sulfur atom with 75% occupancy, which can be interpreted as partial cyanolysis.
The fact that Nap from different sources show similar EPR properties [9, 46] suggests that different Nap could share the same coordination motif and hence reaction mechanism. While the two other reported crystal structures of a Nap [5, 6] were not solved to high enough resolution (3.2 and 2.5 Å , respectively), the crystal structure of Cupriavidus necator NapAB (unpublished results), revealed the same coordination motif to nearly atomic resolution (1.5 Å ).
In the case of the membrane-bound NR from E. coli, for which there are structures of the whole complex NarGHI [47] , and the heterodimeric NarGH [48] , there are differences in the molybdenum active site. Both enzymes also show a distorted hexacoordinated molybdenum site. The fifth and sixth positions are occupied by the bidentate coordination from the carboxylate of an aspartic acid residue in NarGHI, whereas in NarGH the side chain carboxylate is monocoordinated and the sixth position is occupied by an oxygenic species. The differences in the molybdenum coordination sphere between Nar and Nap suggest that both enzymes may follow a different reaction mechanism and, in the case of Nar, probably involve a direct nitrate-molybdenum interaction.
The present results demonstrate that distinct aspects attributed to the chemistry of molybdenum inorganic complexes to date can also occur in mononuclear molybdenum-enzymes of the DMSO reductase family, opening new research directions in the study of these proteins. Probably, there is no unique pathway for the reaction catalyzed by NRs. Further work is necessary to confirm these hypotheses.
